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Using semiempirical methods, a survey of the enthalpies of formation of;1300 com-
pounds in the NIST Chemistry WebBook database was performed and compared to the
reported values. Five sets of compounds were identified: a large set in which theory and
experiment agreed, a set in which they disagreed strongly due to transcription errors, a set
in which they disagreed strongly due to experimental errors, a set that disagreed strongly
due to errors in the method, and a set in which the difference between calculation and
experiment was not obvious. ©2004 American Institute of Physics.
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1. Introduction

The degree of accuracy of the prediction of properties c
culated using computational chemistry methods can be de
mined by a comparison of the computed values with th
obtained by experiment. Such a comparison requires th
sufficiently large collection of data exists so that the resu
are of statistical significance, and, more important, that
experimental data are reliable. Determining the accurac
experimental data, particularly thermochemical data, is n
mally the province of the experimentalist. However, wh
performing routine comparisons of calculated and exp
mental enthalpies of formation, severe differences were
served. These differences were considerably larger than
probable error assigned to the experimental data, and w
also inconsistent with the errors expected from the comp
tional method. In an attempt to resolve this anomaly,
probable value of each datum was estimated using exp
mental quantities to estimate either enthalpies of reaction
hypothetical reactions or by comparison with related co
pounds. In each case, the experimental value was also in
sistent with that predicted using experimental values. T
only conclusion that could be made was that the datum
question was inaccurate.

If, indeed, several reference data in a collection of su
data were inaccurate, then the validity of determining
accuracy of a semi-empirical method by comparison w
that collection becomes questionable. This poses a se
problem, in that no alternatives exist. To resolve this, a s
tematic comparison was made of a large number of exp
mentally determined enthalpies of formation with the resu
of calculations. In this paper, the results of that compari
are presented.
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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1.1. NIST Database

The NIST database1 is a large Web-based~http://
webbook.nist.gov/chemistry! collection of experimentally
determined enthalpies of formation and other data. Suc
collection is obviously of use to both experimentalists a
theoreticians interested in comparing the predictions of th
models with what is known. In general, each such entry
cludes the experimental enthalpy of formation, a measur
the accuracy, and the original reference. Several collect
of thermochemical data exist, however the NIST databas
the most convenient and comprehensive of the readily av
able compendia. Because of this, it has proven invaluable
both experimentalists and theoreticians. For this work, a s
set of the collection was used that consisted only of th
organic compounds for which enthalpies of formation in t
gas phase at 298.15 K were available.

1.2. Types of Errors
1.2.1. Experimental Errors

An important distinction must be made regarding erro
Of their nature, experimental errors in enthalpies of form
tion are random. A minor exception might be the case wh
unintentional bias was introduced by the experimental
This could happen if, for example, the experimental va
did not agree with previously reported values for related s
cies. If no faults were found in the experimental procedu
then the experimental value should be reported. If the va
was not reported, the absence of the value introduces a
into the collection.

1.2.2. Computational Errors

Of their nature, computational errors are systematic.
rors can be assigned to functional groups and to struct
elements, such as rings, methylene units, and branches
example, in then-alkanes, the experimentally observe
change in enthalpy of formation in going to the next high
homolog rapidly converges on220.5 kJ mol21. In common
semi-empirical methods, this quantity varies from228.9
kJ mol21 in MNDO2,3 and AM14 to 221.8 kJ mol21 in
PM5.5 Some computational errors can be random; this i
consequence of a mistake being made. For example, the
entation of a hydroxyl group is normally regarded as be
unimportant; the assumption being made that during ge
etry optimization any errors in initial orientation would b
automatically corrected. However, this assumption relies
the premise that only one orientation is stable. In seve
instances, unexpected disagreement was found betwee
computed and experimental enthalpies of formation. Th
were traced to a hydroxyl group being orientated in a hig
energy conformation. Upon correcting the geometric er
the enthalpy of formation decreased to the expected va
All random errors of this type are necessarily positive.

2. Theory

This work was prompted by problems encountered wh
developing a semi-empirical method for use in biochemis
The applicability of such a method could be limited to we
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715715ANOMALIES IN REPORTED ENTHALPIES OF FORMATION
behaved systems that are stablein vivo, that is, in aqueous
media. This limitation determined the composition of the r
erence data set used in this work. The set of data used
sisted of over 1300 compounds from theNIST WebBook. In
order to get a representative sample, the size of sys
ranged from methane~five atoms! to 5,6-dibutyl-5,6-bis~4-
tert-butylphenyl!decane~100 atoms!. The range of element
allowed was limited to H, C, N, O, F, S, Cl, Br, and I. On
compounds that contained carbon and one or more of th
elements were considered in this work. Compounds
which the reported error was large, e.g., greater than abo
kJ mol21, were excluded, as were compounds with very la
positive enthalpies of formation. This latter set was exclud
because of their assumed high reactivity and presumed in
bility in aqueous media. In rare instances, some compou
with very large positive enthalpies of formation, such
1,3,5 tricyanobenzene, were included. All such molecu
were presumed to be stable because of specific functi
groups.

2.1. Computational Method Used

There are several commonly available semi-empiri
methods; these include MNDO,2,3 AM1,4 PM3,6,7 and PM5.5

These methods share a common algebraic form and d
mainly in the numerical values of the parameters. For t
work, none of these methods was considered suitable,
cause the average error in enthalpies of formation for w
behaved systems of the type considered here was relat
large. This was a consequence of the fact that these met
were designed to handle a wide range of systems, from m
ecules to ions to transition states. Instead, the paramete
was reoptimized for the specific set of molecules of inter
here. In the optimization, the weighting factors for enthalp
of formation and geometry were increased relative to
weighting factors for other properties. Parameter optimi
tion for semi-empirical methods is a purely mathemati
procedure, and is described elsewhere.6,8 All calculations re-
ported here use the standard semi-empirical algebraic fo
but with the parameter set defined here. Because the pa
eter set was designed for a single use—to reproduce en
pies of formation with increased accuracy—it should not
regarded as a new method suitable for general use.

For convenience, the CAChe ProjectLeader program9 was

TABLE 1. Distribution of errors

Deviation from
experiment
~kJ mol21!

Percentage of
compoundsa

Number of
compounds

, 5 28.4 357
,10 46.0 577
,15 61.2 768
,20 73.5 923
,25 81.4 1022
,30 86.6 1087
,40 92.3 1158

aSet of 1255 compounds.
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used. This allowed large numbers of geometries and ent
pies of formation to be calculated automatically. Analyses
the results were performed using MicrosoftEXCEL.

A measure of accuracy is provided by the distribution
differences between the experimental and calculated en
pies of formation. This distribution is shown in Table 1, a
the average error of various semi-empirical methods
shown in Table 2. In determining average errors, refere
data identified in this paper as being unreliable were
cluded from consideration.

Examination of the errors revealed that some were ass
ated with specific functional groups. Such errors, being s
tematic, were attributed to faults in the computational mod
For the current work, a summary of these is presented
Table 3.

3. Comparison of Calculated and
Experimental DHf

The distribution of errors is of interest in that the large
contribution to the average error arises from comparativ
few compounds. As expected, most errors are relativ
small, as shown in Fig. 1 and Table 1. It is reasonable
assume that in those instances where calculation and ex
ment agree, both the method and the reference data ar
curate; this assumption will be used extensively here in S
3. Conversely, where they disagree, either the experime
DH f or the results of the calculation are faulty. From this
follows that any large errors in experimental data are lik
to be found where the difference between calculation a
observation is largest.

3.1. Errors in the Theoretical Method

Three functional groups were found to be poorly predic
by the semi-empirical method: they are listed in Table 3.
clear reason for the errors in the azo or the alkynes w

TABLE 2. Average errors in enthalpies of formation for various sem
empirical methods~all values in kJ mol21!

Method
Median unsigned

error
Average unsigned

error
Root mean square

error

MNDO 28.9 61.3 124.6
AM1 27.4 40.6 58.2
PM3 19.2 24.9 33.3
PM5 15.4 20.9 28.9

This work 11.1 16.1 24.4

TABLE 3. Errors in method

Functional
group

Error
~kJ mol21!

Alkyne 241.8
Disulfone 1418.4
Azo 162.8
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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FIG. 1. Distribution of errors.
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identified; however, in the case of diphenyl disulfone~the
only disulfone used!, the large error was probably due to th
neglect ofd orbitals.

3.2. Errors in Reference Data

Possible errors in reference data can be grouped into t
sets, each of which will be addressed in the following d
cussion. Evidence of experimental error was derived us
experimental data for related compounds, rather than rely
on the results of semi-empirical calculations. In all cas
evidence of the accuracy of those data was provided by
agreement with semi-empirical results.

TABLE 4. DH f of polyfluorinated n-butane derivatives~all values in
kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

1,3-Perfluorobutadiene C4F6 2942.2 2971.5 229.3
2-Perfluorobutene C4F8 2946.0 21565.7 2619.7
Perfluorobutane C4F10 22233.8 22133.0 100.8
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
ee
-
g
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e

3.3. Transcription Errors

Errors in transcription should not be regarded as ‘‘expe
mental error,’’ but the effect of such errors is the same a
they were experimental errors. Only two such errors w
identified.

3.3.1. 2-Perfluorobutene

Although 2-perfluorobutene appears to be an unrema
able compound, the published enthalpy of formation is
consistent with the related compounds, 1
perfluorobutadiene and perfluorobutane, as shown in Tab
Addition of a fluorine molecule to an unsaturated hydroc
bon is usually associated with a large release of ene
However, when perfluorobutene is formed by addition of2

TABLE 5. DH f for 2-tert-butyl-para-cresol and related compounds~all val-
ues in kJ mol21!

Compound ExptDH f Calc DH f Difference

2-Tert-butyl-para-cresol 1207.0 2209.2 2416.2
Para-cresol 2125.3 2130.5 25.2
Tert-butyl benzene 222.7 213.4 19.3
Benzene 182.9 187.4 14.5
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to 1,3-perfluorobutadiene, only 3.8 kJ mol21 of energy is re-
leased. Conversely, when F2 is added to 2-perfluorobutene t
give perfluorobutane, 1287.8 kJ mol21 of energy is released
These quantities are unrealistic. Semi-empirical calculati
indicate that the enthalpy of formation of 2-perfluorobute
should be about halfway between that of the other two co
pounds.

3.3.2. 2-Tert -Butyl- Para -Cresol

Enthalpies of formation of 2-tert-butyl-para-cresol and re
lated compounds are shown in Table 5, from which the f
lowing hypothetical reaction can be constructed:

tert-butylbenzene1para-cresol

⇒benzene12-tert-butyl-para-cresol.

The observed and calculated enthalpies of reaction are 4
and 22.1 kJ mol21, respectively.

A cursory comparison of the reported and calculated v
ues indicates a severe anomaly in the enthalpy of forma
of 2-tert-butyl-para-cresol, and the obvious conclusion is t
the reported value is in error by a simple sign.
s
e
-

l-

.9

l-
n
t

3.4. Possible Errors in Experiment

3.4.1. Octafluorotoluene

Experimental and calculatedDH f for octafluorotoluene,
C6F5– CF3, and related compounds are shown in Table
Using these data, the enthalpy of reaction for the hypoth
cal reaction,

2,3,4,5,6-pentafluorotoluene1trifluoromethylbenzene

⇒octafluorotoluene1toluene

can be estimated; the experimental and computedDHr are
1204.9 and133.0 kJ mol21, respectively. An estimate of th
enthalpy of reaction of a half-fluorinated compound disp
portionating into the fully fluorinated compound and the co
responding hydrocarbon can be made using the related r
tion,

2 1,1,1-trifluoroethane⇒ethane1hexafluoroethane.

For this reaction, the experimental and computedDHr are
169.7 and176.2 kJ mol21, respectively. Based on these r
sults, the experimental enthalpy of formation of octafluo
toluene is unexpectedly high.
TABLE 6. DH f for octafluorotoluene and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Octafluorotoluene C7F8 21269.4 21492.9 2223.5
Hexafluoroethane C2F6 21343.9 21334.3 19.6
2,3,4,5,6-Pentafluorotoluene C6F5– CH3 2843.3 2881.6 238.3
Trifluoromethylbenzene C6H5– CF3 2581.0 2593.3 212.3
Toluene C7H8 150.0 151.0 11.0
Ethane C2H6 283.8 275.7 18.1
1,1,1-Trifluoroethane CH3– CF3 2748.7 2743.1 15.6

TABLE 7. DH f for undecylcyclohexane and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Cyclopentane C5H10 276.4 289.5 213.1
Cyclohexane C6H12 2123.1 2120.9 12.2
Decane C10H22 2249.7 2246.9 12.8
Undecane C11H24 2270.3 2268.2 12.1
Undecylcyclopentane C5H9– C11H23 2312.5 2329.3 216.8
Decylcyclohexane C6H11– C10H21 2336.9 2337.2 20.3
Undecylcyclohexane C6H11– C11H23 2148.1 2358.6 2210.5

TABLE 8. DH f for 1,3,5-tricyanobenzene and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Benzene C6H6 182.9 187.4 14.5
Benzonitrile C6H5(CN) 1219.0 1220.5 11.5
Ortho-dicyanobenzene C6H4(CN)2 1367.5 1367.8 10.3
Meta-dicyanobenzene C6H4(CN)2 1362.7 1361.5 21.3
Para-dicyanobenzene C6H4(CN)2 1358.3 1362.3 14.0
1,3,5-Tricyanobenzene C6H3(CN)3 1313.0 1509.6 1196.6
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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718718 J. J. P. STEWART
3.4.2. Undecylcyclohexane

That the experimental enthalpy of formation of undec
cyclohexane is inconsistent with that of closely related co
pounds can readily be shown by comparison with such c
pounds, as shown in Table 7.

3.4.3. 1,3,5-Tricyanobenzene

Addition of a cyano group to benzene is normally asso
ated with an increase in energy of about 134 kJ mol21. In
going from the dicyanobenzenes to the symmetric tri
anobenzene, the experimental enthalpy of formation
creases by 50 kJ mol21 ~Table 8! but the calculations sugges
that the trend observed should continue, that is, the enth
of formation should increase by about 150 kJ mol21.

3.4.4. Diethyl Malonate

The calculated and experimental enthalpies of format
of diethyl malonate differ by 134 kJ mol21 but the enthalpy
of formation of the closely related dimethyl malonate w
accurately predicted~Table 9!. In order to determine whethe
the change in enthalpy of formation should be attributed
the change in going from the methyl to the ethyl ester, es
of acetic acid were examined. Using the experimental cha
in enthalpies of formation in going from methyl to eth
ester, the expected change in going from dimethyl malon
to diethyl malonate was 71 kJ mol21. The experimental
change was 184 kJ mol21.

This is unexpectedly large, so if it follows that either th
enthalpy of formation of the dimethyl or diethyl ester shou
be regarded as suspect. The observed and calculated e
pies of reaction for

2 ethyl acetate⇒diethyl malonate1methane

are 2106 and18.8 kJ mol21, respectively. This reaction i
unlikely to involve a large enthalpy of reaction. Both th

TABLE 9. DH f for diethyl malonate and related compounds~all values in
kJ mol21!

Compound ExptDH f Calc DH f Difference

Dimethyl malonate 2737.8 2743.5 25.7
Diethyl malonate 2921.7 2787.4 1134.3
Methyl acetate 2410.0 2405.0 15.0
Ethyl acetate 2445.4 2427.6 117.8
Methane 274.9 259.0 115.9
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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result and the results of semi-empirical calculations sugg
that the dimethyl ester value was correct, and that the die
value was incorrect.

3.4.5. Bis- „n-Perfluoropropyl … Ether

The evidence of a problem in the experimental enthalpy
formation of bis-~n-perfluoropropyl! ether is indirect. From
the experimental enthalpies of formation of perfluorohepta
and hexafluoroethane, Table 10, an estimate can be mad
the contribution of a CF2 group, 2408.3 kJ mol21, from
which an estimate can be made of the enthalpy of forma
of n-perfluorohexane,22977 kJ mol21. Using the experi-
mental enthalpies of formation of hexafluorodimethyl eth
and hexafluoroethane, an estimate can be made of the en
released when an oxygen atom is inserted into a perflu
nated C–C bond: 200 kJ mol21, from which the enthalpy of
formation of bis-~n-perfluoropropyl! ether can be approxi
mated as23177 kJ mol21.

Many highly fluorinated compounds have larger than a
erage errors in the predicted enthalpy of formation. Also,
assumption has been made that the energy of insertion o
oxygen atom into a perfluorinated C–C bond is not sign
cantly different between C2F6 and C6F14. Because of this,
the analysis given here is less rigorous and less accurate
desirable.

3.4.6. 2,6,6-Trimethyl-2-Cyclohexen-1-One

An estimate of the enthalpy of formation of 2,6,6
trimethyl-2-hexen-1-one can be made by relating it to si
pler compounds. The structure can be regarded as a p
methylated cyclohexenone; in turn, cyclohexenone can
regarded as cyclohexane with two functional groups: an
saturated bond and a ketone.

In going from cyclohexane to cyclohexene, the change
energy observed is1119.1 kJ mol21 ~Table 11!; this was
used as an estimate of the energy contribution of the ol
group. In going from cyclohexane to cyclohexone, the e
perimental change is2107.7 kJ mol21. In turn, this is an
estimate of the energy contribution of the ketone group. U
ing these quantities, the enthalpy of formation of cyclohe
enone can then be estimated as2112.0 kJ mol21. The addi-
tion of methyl groups is associated with a drop in energy
at least 29 kJ mol21, therefore the enthalpy of formation o
2,6,6-trimethyl-2-cyclohexen-1-one can be estimated to
less than2199 kJ mol21. Based on this estimate, the expe
mental value of244.2 kJ mol21 is unreasonably large.
TABLE 10. DH f for bis-~n-perfluoropropyl! ether and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Bis-~n-perfluoropropyl! ether C6F14O 23105.0 23218.8 2113.8
n-Perfluoroheptane C7F16 23385.4 23391.1 25.7
Hexafluorodimethyl ether C2F6O 21543.9 21576.1 232.2
Hexafluoroethane C2F6 21343.9 21334.3 19.6
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TABLE 11. DH f for 2,6,6-trimethyl-2-cyclohexen-1-one and related compounds~all values in kJ mol21!

Compound ExptDH f Calc DH f Difference

2,6,6-Trimethyl-2-cyclohexen-1-one 244.2 2232.6 2188.4
Cyclohexone 2231.1 2251.0 219.9
Cyclohexene 24.3 220.9 216.6
Cyclohexane 2123.4 2120.5 12.9
1-Methyl cyclohexene 281.3 258.6 122.7
Methyl cyclohexane 2154.8 2147.7 17.1

TABLE 12. DH f for 1,2,3,6-tetrahydropyridine and related compounds~all values in kJ mol21!

Compound ExptDH f Calc DH f Difference

Benzene 182.9 187.4 14.5
Cyclohexa-1,3-diene 1104.6 175.7 228.9
Cyclohexene 24.3 220.9 216.6
Cyclohexane 2123.4 2120.5 12.9
Pyridine 1140.2 1124.7 215.5
1,2,3,6-Tetrahydropyridine 1140.6 129.7 2110.9
Piperidine 247.2 267.8 220.6

TABLE 13. DH f for isophthalamide and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Benzene C6H6 182.9 187.4 14.5
Benzamide C6H5(CONH2) 2100.9 298.7 12.2
Isophthalamide C6H4(CONH2)2 2382.0 2294.1 187.9
Terephthalamide C6H4(CONH2)2 2376.0 2291.6 184.4

TABLE 14. DH f for 4-hydroxy-4-methylpentan-2-one and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

4-Hydroxy-4-methylpentan-2-one C6H12O2 2540.7 2486.2 154.5
Tert-butanol C4H12O 2312.5 2308.8 13.7
Acetone C3H6O 2218.5 2232.6 214.1
Methane CH4 274.9 259.0 115.9
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3.4.7. 1,2,3,6-Tetrahydropyridine

When benzene is hydrogenated, the first step, that is
form cyclohexadiene, involves an increase in energy, wh
is attributable to the loss of aromaticity. The next two ste
to form first cyclohexene, then cyclohexane, are accom
nied by a large drop in energy, as shown in Table 12. T
electronic structure of pyridine is similar to that of benzen
therefore, by analogy, the energy changes upon hydrog
tion should be similar.

Unfortunately, the experimental enthalpy of formation
the dihydropyridines does not appear to be reported, how
the heat of formation of the tetrahydro- and fully hydrog
nated pyridines is available. As with benzene, when f
hydrogen atoms are added to pyridine, the calculated
thalpy of formation drops significantly~95.0 kJ mol21 for
pyridine, 108.3 kJ mol21 for benzene!. However, the reported
change is a decrease in heat of formation of only
kJ mol21. This seems unusually small, and is in contrast w
the reported change in enthalpy of formation when the
two hydrogen atoms are added, a drop of 187.9 kJ mol21.
to
h
,
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e
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-
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3.4.8. Isophthalamide and Terephthalamide

The experimental enthalpies of formation of both benze
and benzamide are reproduced with good accuracy~Table
13! therefore the change upon adding the2CONH2 group is
likely to be modeled correctly. This change is2183.8
kJ mol21, experimentally, and2186.1 kJ mol21, calculated.
Experimentally, the thermochemical effect of adding a s
ond 2CONH2 group to form isophthalamide and terep
thalamide is to lower the enthalpy of formation by 281.1 a
275.1 kJ mol21, respectively. Computationally, the decreas
were 195.4 and 192.9 kJ mol21. The large decrease observe
experimentally is unexpected, and casts doubt on the
ported enthalpy of formation of the phthalamides.

3.4.9. 4-Hydroxy-4-Methylpentan-2-One

Although there are no enthalpies of formation reported
compounds that are similar to 4-hydroxy-4-methylpentan
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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TABLE 15. DH f for 2,28-diquinoline and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Benzene C6H6 182.9 187.4 14.5
Biphenyl C12H10 1182.0 1182.8 10.8
Hydrogen H2 0.0 29.6 29.6
Pyridine C5H5N 1140.2 1124.7 215.5
2,28-Dipyridine C10H8N2 1267.9 1269.4 21.5
Quinoline C9H7N 1200.5 1200.8 10.3
2,28-Diquinoline C18H12N2 1347.9 1425.9 178.0
te

th

th
t
-2

g

rm

o

le
m

o

sti-
by

thyl-
be
ed

ion
or-

ion
of

ex-
ive
at
sult,
d.

of
m-
of
54

at
re-
by
ly
one, the presence of the insulating CH2 group allows a reac-
tion to be constructed, a reaction for which the expec
enthalpy of reaction should be very small:

tert-butanol1acetone

⇒4-hydroxy-4-methylpentan-2-one1methane.

Using experimental enthalpies of formation~Table 14! the
enthalpy of reaction is predicted to be284.6 kJ mol21. This
is unexpectedly large, and in strong disagreement with
calculated enthalpy of reaction of 3.8 kJ mol21. The experi-
mental and calculated enthalpies of formation for three of
four species agree well, but the experimental and calcula
values for the fourth species, 4-hydroxy-4-methylpentan
one, differ by 54.5 kJ mol21.

3.4.10. 2,28-Diquinoline

The experimental enthalpy of reaction of pyridine rin
coupling to form 2,28-dipyridine is 212.5 kJ mol21 ~Table
15! whereas computationally the value is110.4 kJ mol21.
For quinoline, the experimental enthalpy of reaction to fo
2,28-diquinoline is253.1 kJ mol21. The computed value is
considerably different,114.7 kJ mol21, and is similar to the
value for the dimerization of pyridine. The reported value
the enthalpy of formation of 2,28-diquinoline appears to be
too negative by about 40–75 kJ mol21.

3.4.11. 6-Methyl-5-Hepten-2-One

Although 6-methyl-5-hepten-2-one is a relatively simp
ketone, the computed and experimental enthalpies of for
tion ~Table 16! differed by 52.2 kJ mol21. In contrast, the
computed and experimental enthalpies of formation
. Data, Vol. 33, No. 3, 2004
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closely related compounds are in good agreement. An e
mate of the expected enthalpy of formation can be made
use of the hypothetical reaction,

1-hexene1butane-2-one57-octen-2-one1ethane.

Because the functional groups are separated by two me
ene units, the enthalpy of reaction would be expected to
very small; for the purpose of this exercise, let it be assum
to be zero. Given the experimental enthalpies of format
for the other compounds, the experimental enthalpy of f
mation of 7-octen-2-one is estimated to be2196.9 kJ mol21.
From this, and from the experimental enthalpies of format
of the butenes, an estimate of the enthalpy of formation
6-methyl-5-hepten-2-one can be made,2214 kJ mol21. This
is inconsistent with the reported value of2303.7 kJ mol21.
Interestingly, every difference between the calculated and
perimental enthalpies of formation favors a more negat
enthalpy of formation for 6-methyl-5-hepten-2-one than th
expected by experiment, nevertheless the calculated re
2251.5 kJ mol21, is much more positive than that reporte

3.4.12. Fluorodinitrophenylmethane

A comparison of calculated and experimental enthalpies
formation of fluorodinitrophenylmethane and related co
pounds ~Table 17! indicates that the reported enthalpy
formation appears to be too negative by about 46–
kJ mol21. Evidence of this is complicated by the fact th
systems with two nitro groups on one carbon atom are p
dicted by the semi-empirical method to be too positive
about 50 kJ mol21. Nonetheless, an examination of close
TABLE 16. DH f for 6-methyl-5-hepten-2-one and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

6-Methyl-5-hepten-2-one C8H14O 2303.7 2251.5 152.2
1-Hexene C6H12 242.1 248.5 26.4
Butane-2-one C4H8O 2238.6 2249.4 210.8
7-Octen-2-one C8H14O 2196.9a 2222.2 224.7
Ethane C2H6 283.8 275.7 18.1
1-Butene C4H8 20.6 25.9 25.3
2-Butene C4H8 210.8 221.3 210.5
Isobutene C4H8 217.90 225.1 27.2

aValue estimated.



721721ANOMALIES IN REPORTED ENTHALPIES OF FORMATION
TABLE 17. DH f for fluorodinitrophenylmethane and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Methane CH4 274.9 259.0 115.9
Benzene C6H6 182.9 187.4 14.5
Toluene C7H8 150.0 151.0 11.0
Dinitromethane CH2N2O4 258.9 210.0 148.9
Dinitrophenylmethane C7H6N2O4 135.0 190.4 155.4
Fluorodinitromethane CHN2O4F 2235.0 2170.3 164.7
Fluorodinitrophenylmethane C7H5N2O4F 2185.0 270.7 1114.3
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related species provides circumstantial evidence of a pos
fault in the experimental enthalpy of formation of fluorodin
trophenylmethane.

Using reported values, the change in enthalpy of format
by adding a phenyl group to methane to form phenylmeth
~toluene! is 1124.9 kJ mol21. Also using reported values, th
change by adding a phenyl group to dinitromethane to fo
dinitrophenylmethane is193.9 kJ mol21. Therefore the ef-
fect of the two nitro groups is to reduce the difference
energy by about 31 kJ mol21 relative to that observed in
going from methane to toluene. However, both changes
considerably larger than the equivalent change in conver
fluorodinitromethane to fluorodinitrophenylmethane,150.0
kJ mol21. Based on these results, the enthalpy of format
of fluorodinitrophenylmethane is estimated to be about
kJ mol21 more positive, i.e., about2135 kJ mol21.

3.4.13. 3-Chloro- Para -Toluidine

The reported enthalpy of formation~Table 18! of 3-chloro-
para-toluidine appears to be too positive by about
kJ mol21, as is indicated by the following reaction:

para-toluidine1chlorobenzene

⇒3-chloro-para-toluidine1benzene,

for which the experimental and calculated enthalpies of
action are162.0 and23.0 kJ mol21, respectively. In gen-
eral, replacement of a hydrogen atom by a chlorine atom
carbon center is associated with a decrease in heat of fo
tion. Thus when benzene is chlorinated, the enthalpy of
mation drops by 28.5 kJ mol21. In contrast, whenpara-
toluidine is chlorinated, the reported enthalpy of formati
rises by 33.5 kJ mol21.

3.4.14. 2,4-Hexanedione

2,4-hexanedione can exist in two tautomeric forms,
dione and the enol. In the gas phase, the enol form is
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dicted to be about 20 kJ mol21 higher than the dione. There
fore, in the following discussion, only the dione will be co
sidered. Although the calculated enthalpy of formation
2,4-hexanedione is only 20.5 kJ mol21 higher than that ob-
served, the value is inconsistent with those of closely rela
systems~Table 19!. That the experimental enthalpy of forma
tion is inconsistent can be demonstrated by comparing
change in enthalpy of formation on going from 2-propano
~acetone! to 2-butanone, and in going from 2,4-pentanedio
~acetylacetone! to 2,4-hexanedione. In the case
2-propanone, the experimental and calculated changes
20.1 and 16.8 kJ mol21, respectively. For 2,4-pentanedion
the equivalent changes are 55.3 and 17.1 kJ mol21. Based on
these results, the experimental enthalpy of formation of 2
hexanedione is too negative by about 35 kJ mol21.

3.4.15. 3-Phenyl Isoxazole

The reported difference in enthalpies of formation of 3 a
5 phenyl isoxazoles~21 kJ mol21! is inconsistent with the
equivalent differences of the 3 and 5 methyl isoxazo
~21.5 kJ mol21!. Both calculation and experiment sugge
~Table 20! that the 3-methyl derivative is less stable than t
5 derivative, and calculation indicates that the 3-phenyl
rivative should be less stable than the 5-phenyl, in varia
with experiment.

3.4.16. 4-Pyridinol

The experimental and calculated~Table 21! enthalpies of
formation of closely related compounds indicate that
published value of enthalpy of formation for 4-pyridinol
too positive by at least 13 kJ mol21 and possibly as much a
50 kJ mol21. In general, the meta position in pyridine is di
ferent from the ortho-para positions. This is reflected in the
computed enthalpies of formation, but not in the experim
tal enthalpies of formation.
TABLE 18. DH f for 3-chloro-para-toluidine and related compounds~all values in kJ mol21!

Compound Formula ExptDH f Calc DH f Difference

Para-toluidine C7H9N 141.8 154.0 112.2
Chlorobenzene C6H5Cl 154.4 153.1 21.3
Benzene C6H6 182.9 187.4 14.5
3-Chloro-para-toluidine C7H8NCl 175.3 116.7 258.6
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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3.5. Unassigned Differences

Most differences in enthalpies of formation in the ran
620 kJ mol21 are difficult to assign to either reference da
or to calculation. In a few cases, however, there is evide
of inconsistencies in the experimental value.

3.5.1. 1-Methyl Cyclohexene

The calculated and experimental differences in the ent
pies of formation for cyclohexene and 1-methyl cyclohexe
are 216.6 and122.7 kJ mol21, respectively. The computa
tional method is insufficiently accurate to reliably assert t
there exists any anomaly with the experimental values. H
ever, with attention now drawn to this system, closer exa
nation of related systems~Table 22! indicates an anomaly
For cis-but-2-ene and for cyclopentene, the experimen
change in enthalpy of formation upon forming the meth
derivative is233.8 and240.4 kJ mol21, respectively. This is
in contrast with the change in methylating cyclohexe
277.0 kJ mol21. Because typical errors in this type of com
pound are of the order of 10–20 kJ mol21, it is not possible
to assign an error, if any, unambiguously. However, sin
most of the computed errors are negative, and that
1-methyl cyclohexene is positive, there is an increased p
ability that, if an experimental error exists, it is in the e
thalpy of formation of 1-methyl cyclohexene.

3.5.2. Cyclopentene Carbonitriles

One of the smallest inconsistencies detected in the exp
mental data concerns the two isome
1-cyclopentenecarbonitrile and 2-cyclopentenecarbonit
for which the calculated and experimental enthalpies of f
mation ~Table 23! differ by less than 15 kJ mol21. The dif-
ferences between the calculated and experimental valu
more pronounced when the differences between the enth
ies of formation of the isomers is evaluated,114.6 kJ mol21

experimentally and212.5 kJ mol21 computationally. For
two such similar systems, a computational error of 2

TABLE 20. DH f for 3-phenyl isoxazole and related compounds~all values in
kJ mol21!

Molecule ExptDH f Calc DH f Difference

3-Phenyl isoxazole 1139.0 1179.5 140.5
5-Phenyl isoxazole 1160.0 1172.8 112.8
3-Methyl isoxazole 135.6 143.5 17.9
5 Methyl isoxazole 134.1 138.1 14.0

TABLE 19. DH f for 2,4-hexanedione and related compounds~all values in
kJ mol21!

Compound ExptDH f Calc DH f Difference

2-Propanone~acetone! 2218.5 2232.6 214.1
2-Butanone 2238.6 2249.4 210.8
2,4-Pentanedione~acetyl acetone! 2384.4 2402.1 217.7
2,4-Hexanedione 2439.7 2419.2 120.5
J. Phys. Chem. Ref. Data, Vol. 33, No. 3, 2004
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kJ mol21 in going from the 1 to the 2 isomer would be un
expectedly large. This inconsistency can be compared to
change in enthalpies of formation in going fro
1-cyclohexenecarbonitrile to 2-cyclohexenecarbonitr
28.2 kJ mol21 experimentally and214.5 kJ mol21 compu-
tationally, and in going from ~E!-2-butenenitrile to
3-butenenitrile,217.0 kJ mol21 experimentally and216.7
kJ mol21 computationally. Because of this, doubt has to
cast on the experimental enthalpies of formation of the
clopentene carbonitriles. Similar analyses can be perform
for a large number of cases where the calculated and repo
enthalpies of formation differ by several kilojoules per mo
But with decreasing differences, assignment of the differe
to faulty experimental or computational enthalpies of form
tion becomes increasing fraught with uncertainty.

3.6. Tautomeric Forms

Some compounds can potentially exist in tautomeric for
In such systems, the barrier to interconversion is sufficien
small that equilibrium exists between the two forms, and
fraction present in highest concentration is always the fo
with the lower energy. In some instances in the NIS
database1 the higher energy form, usually the hydroxy form
is indicated. Thus, for example, the chemical structure giv
for 1,3,5-triazine-2,4,6~1H,3H,5H!-trione corresponds to
2,4,6-trihydroxy-1,3,5-triazine. These two structures ha
calculated enthalpies of formation of2564.0 and2375.1
kJ mol21, respectively, thus the hydroxy form is predicted
be 188.9 kJ mol21 less stable than the trione form. The ca
culated enthalpy of formation of the trione agrees with t
reported experimental enthalpy of formation of the trione
2564.1 kJ mol21. In cases such as this, where the differen
in enthalpies of formation between the two putative tau
meric forms is large, the fraction of the higher energy form
likely to be very small, and to indicate that the chemic
structure is that of the higher energy form is potentially m
leading.

TABLE 21. DH f for 4-pyridinol and related compounds~all values in
kJ mol21!

Compound ExptDH f Calc DH f Difference

2-Pyridinol 279.7 270.3 19.4
3-Pyridinol 243.7 248.5 24.8
4-Pyridinol 230.3 267.8 237.5

TABLE 22. DH f for 1-methyl cyclohexene and related compounds~all values
in kJ mol21!

Compound ExptDH f Calc DH f Difference

1-Methyl cyclohexene 281.3 258.6 122.7
1-Methyl cyclopentene 24.4 223.8 219.4
2-Methyl but-2-ene 241.5 256.1 214.6
Cyclohexene 24.3 220.9 216.6
Cyclopentene 136.0 114.2 221.8
Cis-but-2-ene 27.7 218.4 210.7
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4. Discussion

Almost all of the putative errors in experimental entha
ies of formation were identified by the large difference b
tween the calculated and experimental values. This sugg
a method whereby possible errors in the NIST data se
enthalpies of formation could be identified. When the diff
ences are sequenced into increasing values, as in Fig. 1
set of candidate suspect experimental data becomes loca
at the ends of the curve; the compounds in these regions
listed in Tables 24 and 25. The experimental enthalpies
formation of most of the compounds in these sets are
questionable accuracy, as discussed above. Once attent
focused on one of these compounds, the apparent erro
comes obvious. In some instances, insufficient evidence
isted to warrant asserting that the reported values were li
to be incorrect; these are indicated in Tables 24 and 25
normal font.

The set of examples given here is not intended to
exhaustive—a careful analysis of the 2% of compounds
the ends of the curve in Fig. 1 would likely reveal ma
more possible errors in the experimental reference data s
rather, the set is intended to illustrate the usefulness of se
empirical methods for identifying possible errors in su
data sets.

It is suggested that no attempt should be made to mo
the values in the NIST reference data set as a result of u
methods of the type described here, to do so would com
mise the nature of the errors in that they would no longer

TABLE 23. DH f for the cyclopentene carbonitriles and related compou
~all values in kJ mol21!

Compound ExptDH f Calc DH f Difference

1-Cyclopentenecarbonitrile 1156.4 1142.3 214.1
2-Cyclopentenecarbonitrile 1141.8 1154.8 113.0
1-Cyclohexenecarbonitrile 1101.5 1106.2 14.7
2-Cyclohexenecarbonitrile 1109.7 1120.7 111.0
~Z!-2-butenenitrile 1134.0 1143.2 19.2
~E!-2-butenenitrile 1140.7 1142.7 12.0
3-Butenenitrile 1157.7 1159.4 11.7
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purely random. Instead, if modifying the values is conside
necessary, then a new reference data set that contains
experimental and calculated values should be constructed
an alternative, the data that are considered unreliable sh
be indicated as such.

The continued used of terms such as ‘‘apparent erro
‘‘putative error,’’ ‘‘questionable accuracy,’’ etc., must be e
plained. Semi-empirical methods are parameterized using
perimentally obtained reference data, therefore developm
of such methods depends on the existence of such refer
data. Given the highly limited accuracy of semi-empiric
methods, to assert that an experimental datum is inaccu
based solely on a comparison of experimental and calcul
values would appear arrogant. Because of the known lim
tions of these methods, all arguments regarding the accu
of experimental data were made using other experime
data, presumably of high accuracy, and not on the theore
predictions. But these arguments assume that commonly
cepted thermochemical rules are followed. The possibi
must not be dismissed that some hitherto unsuspected
nomenon might be operating, and that the anomalous res
reported here are in fact a consequence of that phenome
While this might be the case, it is difficult to imagine th
phenomenon that could explain some of the experime

TABLE 24. Largest negative differences between experimental and calcu
DH f ~all values in kJ mol21!

Compounda Expt DH f Calc DH f Difference

2-Perfluorobutene 2946.0 21565.7 2619.7
2-Tert-butyl-para-cresol 1207.0 2209.2 2416.2
Octafluorotoluene 21269.4 21492.9 2223.5
Undecylcyclohexane 2148.1 2358.6 2210.5
Pentafluoroiodobenzene 2549.0 2738.9 2189.9
2,6,6-Trimethyl-2-cyclohexen-1-one 244.2 2232.6 2188.4
1,3,5,7-Tetraazaadamantane 1199.0 147.7 2151.3
Difluoroacetylene 120.9 2106.7 2127.6
Perfluorobuta-1,3-diene 2942.2 21060.2 2118.0
Bis-(n-perfluoropropyl) ether 23105.0 23218.8 2113.8
1,2,3,6-Tetrahydropyridine 1140.6 129.7 2110.9
Dodecafluorocyclohexane 22370.4 22470.7 2100.3

aCompounds with disputed enthalpies of formation are in italic.

s

TABLE 25. Largest positive differences between experimental and calculatedDH f ~all values in kJ mol21!

Compounda Expt DH f Calc DH f Difference

Diphenyl disulfone 2481.3 223.0 1458.3
1,3,5-Tricyanobenzene 1313.0 1509.6 1196.6
2,4,6-Trihydroxy-1,3,5-triazine 2564.0 2375.1 1188.9
3-Bromo-3-methyldiazirine 1291.0 1434.3 1143.3
Carbon monoxide 2110.5 125.5 1136.0
Trans-difluorodiazene 181.2 1211.3 1130.1
Diethyl malonate 2921.7 2795.4 1126.3
Di-tert-butyl sulfone 2546.3 2429.7 1116.6
Fluorodinitrophenylmethane 2185.0 270.7 1114.3
5,6-Dibutyl-5,6-bis~4-tert-butylphenyl!decane 2351.0 2245.2 1105.8
Methyldinitramine 153.5 1150.2 196.7
Bis~2,2,2-trinitroethyl!-amine 147.3 1142.3 195.0

aCompounds with disputed enthalpies of formation are in italic.
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results, such as the unexpected enthalpy of formation of
decylcyclohexane.

5. Conclusion

To a limited degree, the accuracy of experimental enth
pies of formation can be investigated by using sem
empirical methods. Where agreement between calculated
reported enthalpies of formation exists, it is reasonable
assume that the experimental value is, indeed, accu
Where there is a large difference, the error is likely to
either in the computational method or in the experiment;
probability of both being equally incorrect is small. If th
limitations of the method are known, then the use of su
methods to screen experimental data can readily be limite
those systems where the method is known to be reliable
such cases, whenever an indication is found that an exp
mental reference enthalpy of formation is inaccurate,
analysis of the type presented here can be carried ou
determine if further work is warranted.

Note added in proof:After acceptance of this article, sev
eral entries in the NIST database were modified, there
some of the anomalies cited here are no longer valid.
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